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SEISMIC RESPONSE OF INDUSTRIAL STEEL STORAGE RACKS 
C K Ch I R II II I 
. . en, . E. Scholl, and J. A. Blume 
INTRODUCTION 
Industrial steel storage racks are an important class of structures because 40% 
of all goods are stored on racks at some time during the ma'nufacture-to-consunp-
tion cycle. The seismic response behavior of these structures Is therefore of 
significant economic importance and is also important to health and safety in 
connection with the storage of food and medical supplies. Traditionally, cri-
teria for design and construction of industrial racks have been developed by 
their manufacturers and have been directed primarily at gravity loading, with 
little attention given to earthquake loading. 
This paper, which is based on a study2 by URS/John A. Blume & Associates, Engi-
neers, summarizes the results of shaking-table tests of three types of racks and 
correlates these results with results predicted theoretically from mathematical 
models. The overall objective of the study was to develop rational seismic de-
sign criteria and procedures for industrial steel storage racks through correla-
tion and evaluation of various test results and analytical parameter variation 
studies. 
TEST STRUCTURES AND INSTRUMENTATION 
The standard pallet rack selected for testing is currently the most common rack 
used for merchandise storage. Figure 1 is a photograph of the standard pallet 
rack assembly on the 20-ft-square (6.1-m) shaking table at the University of 
California, Berkeley.5 Connection details are also shown in the figure. The 
standard pallet rack modular assembly consists of prefabricated uprights in the 
transverse direction and horizontal beams spanning between successive uprights 
in the longitudinal direction. The uprights have two posts 43 in. (1.1 m) apart 
(outside dimensions) that are connected by 96-in.-long (2.4-m) horizontal members 
spaced 5 ft (1.5 m) vertically. The upright posts have bearing plates at the 
bottom that have a single hole through which floor anchors were installed for 
the tests considered here. Connections of the upright frame members are button 
welded. The beam end connections (shelf connectors) are of the clip-in type, 
and the upright posts are slotted along their full height to allow variations 
in beam vertical spacings. 
In the drive-in storage rack (Figure 2), storage pallets are supported by rai I 
members spanning between support arms that cantilever from the columns rather 
than by beams spanning the bay width, as in the standard pallet rack. The drive-
in rack is accessible from one side, but forklifts cannot pass all the way 
through. Upright frame (and anchor frame) assemblies are similar in construction 
to those described for the standard pallet racks. The frames are connected by a 
continuous rail that supports the pallets. In the direction parallel to the 
aisle (longitudinal), the upright frames are connected at the top by continuous 
tie members (overhead tie beams). For the anchor frames, ties (anchor beams) 
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are provided at each story level. The horizontal-load-carrying system for the 
drive-in rack typically consists of bracing in the direction perpendicular to 
the aisle (transverse) and frame action in the longitudinal direction. 
Stacker racks (Figure 3) are part of an industrial storage system that gener-
ally uses floor-running stacker cranes for storage and retrieval of goods in 
large distribution centers. Stacker cranes are usually remote-controlled and 
can operate in narrow aisles so that material storage density can be maximized. 
With computerized controls, stacker racks can provide an efficient, inventory-
controlled material-handling system. Stacker rack frame assemblies resemble 
the drive-in racks previously described, but they are usually more complex struc-
tures because they are larger. Horizontal-load-carrying systems generally con-
sist of bracing in the transverse direction and frame action combined with sup-
plemental bracing in the longitudinal direction. 
All racks considered in this paper were anchored to the table. All members 
were made of cold-formed steel. The minimum yield stress specified by the manu-
facturers of the standard pallet and stacker racks, for al I members except the 
diagonal rods of the stacker rack, was 45 ksi (311 MN/m2). The minimum yield 
stress of the diagonal rods, and of all members of the drive-in rack, was 36 ksi 
(248 MN/m2). The gravity live load was simulated by concrete blocks, weighing 
1,000 lb (450 kg) each, tied to the beams or pallet rails. 
The data-acquisition system sampled each response channel 50 times per second 
and stored the data by computer on a magnetic disc; the records were then trans-
ferred to magnetic tape for permanent storage. The response quantities measured 
included accelerations and displacements of each floor and deformations of the 
columns and the bracing members. 
TEST RESULTS 
For each rack configuration, tests were conducted in both the longitudinal 
direction (moment-resisting-frame system) and the transverse direction (braced-
frame system). The ground motion was simulated by accelerograms recorded dur-
ing the 1940 El Centro N-S earthquake (EC) and the 1966 Parkfield earthquake 
(PF). The designations 1/4 EC and 1/2 EC represent tests performed with the 
maximum amplitude about 1/4 and 1/2 that of the actual El Centro record, respec-
tively. Figures 4 and 5 illustrate the 1/2 EC and 1/2 PF input table signals, 
respectively. For each rack tested, the Intensities of the table motions were 
increased progressively from very slight motions causing only elastic response 
to severe earthquakes causing material yielding and structural damage. 
Table 1 summarizes the building code demand (requirement) and rack capacity of 
all rack ~onfigurations considered in this report along with their actual per-
formance In.the shaking-table tests. The seismic resistance capacities shown 
we~e determIned ~sing the 1976 Uniform Building Code (UBC) 3 Zone 4 seismic re-
qUIrements assumIng the best site conditions (i.e., minimum S) and Section 3.6. 1 
of the American Iron and Steel Institute specification (AISI 3.6.1)1 for member 
capacity calculation. Torsional-flexural behavior was ignored in calculating 
the M-P stress ratio. A brief discussion of test results for each rack config-
uration is presented in the follOWing sections. 
Standard Pallet Rack - Longitudinal. The variation of dynamic properties with 
respect to the input signal, amplitUde, and test sequence Is evident. The 
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fundamental periods of vibration ranged from 2.0 sec to 2.9 sec when the rack 
was loaded with the full live load of 3,000 lb (1,350 kg) per pallet. Because 
of the l?oseness of semirigid connections, damping values are relatively high. 
The damping values, which ranged from 3% to 9% of critical, were based on the 
free-decay data after the table was stopped and on free-vibration measurements 
from previously conducted pull-release tests. 
The amplification of story shear due to the p-o effect was found to be very 
significant in this test direction. Rotation measurements presented for each 
test clearly demonstrate that the column base provided considerable restraint 
against rotation, which, in turn, reduced the column moments at the first-story 
I eve 1. 
The lateral force capacity of this rack configuration was less than that pre-
scribed by the UBC Zone 4 lateral force provisions (Table 1). However, because 
of the structure's high damping capacity and early nonlinear behavior at beam-
column connections, forces developed in the structure by a strong earthquake 
will be greatly reduced by inelastic action. This behavior was observed In the 
experiments. With the El Centro earthquake, normalized to a peak of 0.43g in 
the horizontal direction (about 1.33 EC) and a peak of 0.21g in the vertIcal 
direction, the rotatIonal ductil ity ratio reached 2.6 at the top end of the 
first-floor center column before minor local distress was observed. ThIs minor 
local buckling was the only indication of distress the structure exhIbited --
even for this relatively severe shaking. 
Standard Pallet Rack - Transverse. As expected, the damping or energy-absorbing 
capacities were smaller (ranging from 0.5% to 1.6% of crItical) than those ob-
served In the longitudinal direction. The strong amplitude dependence on the 
periods of vibration observed In the longitudinal tests was not evident in the 
transverse tests; the periods ranged from 0.85 sec to 0.95 sec for the full-live-
load case of 3,000 lb (1,350 kg) per pallet. 
Strong local ized plastic deformations were observed at the connections between 
the open-section bracing elements and the open-section columns. This Inelastic 
action might help to reduce the seismic forces developed In the rack during 
strong seismic excitation. This localized deformation will signifIcantly affect 
the response of the rack in the transverse directIon. Because of the braced-
frame system, the p-o effect was found to be InsignIficant. 
The weakest spots of this rack assembly were the button welds connecting the 
columns to the base plates. the welds began to fracture at a very low level 
of excitation (1/4 PF) when the rack was loaded with 2/3 live load. Weld 
fractures at the connections between the open-section bracing elements and the 
open-section columns were also observed. Column-to-brace connections with only 
a few button welds were found to be inadequate to develop the full capacities of 
the members. This undesirable fabrication practIce can be easily Improved by 
fully welding around these connections. Noticeable distress of all columns, 
except at one corner near their base plates was observed when the structure 
was loaded with the full 1 ive load under the 1/2 EC input table motion. The 
estimated maximum rotational ductility ratio at the column near the base plate 
was approximately 1.9. All strains measured in the bottom diagonals were within 
the strain yield limit specified by AISI 3.6.1. 
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Drive-In Rack - Longitudinal. The seismic resistance capacity of this rack 
assembly was found to be less than that prescribed by the UBC Zone 4 seismic 
provisions (Table 1). No material yizlding or structural damage was observed 
during the shaking-table tests. The input signal for the last test run was 
scaled to a maximum horizontal acceleration of 5/8 that of the actual EI Centro 
record with the addition of appropriately scaled vertical accelerations. How-
ever, the amplification of story shear due to the p-6 effect was found to be 
very significant. The tests could have been continued with increasing ampli-
tude of motion, but, for safety, it was decided to stop the test. 
The fundamental periods of vibration ranged from 2.5 sec to 3.3 sec when the 
rack was loaded with the full live load of 3,000 Ib (1,350 kg) per pallet. 
Damping values observed from the shaking-table free-decay data were 4% to 9% 
of critical, which is very similar to those found for the standard pallet rack 
tested in the longitudinal direction. 
The drive-in rack assembly in the longitudinal direction consists of two up-
right and two anchor frames, as shown in Figure 2 . Although the structure sys-
tem and stiffness for these two types of frames are quite different, no torsion 
was detected from the displacement time-history plots. This negl igible tor-
sional effect enables one to model this structure two-dimensionally. This will 
greatly simplify the analysis procedure. 
Drive-In Rack - Transverse. The considerable buckling that was observed in 
the bottom diagonal members of the upright frame when the structure was excited 
by 1/4 the Parkfield signal appeared because the predominant period of vibration 
(0.59 sec) coincided with the response spectrum peaks (not shown). The result-
ing high-amplitude structural response caused buckling unexpected at a table 
excitation of such low intensity. In addition, the rack configuration was poorly 
arranged, using the same size diagonal bracing members for both the upright and 
anchor frames. As a result, the diagonal members in the upright frame were weak 
compared to those in the anchor frame (the slenderness ratios were 177 for the 
diagonal members in the upright frame and 150 in the anchor frame). If the 
diagonal members had been carefully designed and arranged, this rack configura-
tion could have resisted lateral forces developed from a stronger earthquake 
without major damage. 
The fundamental periods of vibration observed before structural damage were 
around 0.56 sec to 0.59 sec, for the case using the 2/3 I ive load. As might be 
expected for a ·braced-frame system, damping values observed are relatively small 
(around 2% of critical) and therefore very similar to those found in the stan-
dard pallet transverse test case. 
Stacker Rack - Longitudinal. The displacement records for all tests conducted 
on this rack configuration show that the response was symmetric and no torsion 
was observed. The considerable variation in periods for each test (from 
0.94 sec to 1.4 sec for the full live load, which was 2,000 Ib (900 kg) per 
pallet for this rack type) was caused in part by the looseness of the diagonal 
rods but also by the degradation in stiffness. The damping values evaluated 
from the shaking table free-decay data were in the range of 4% to 6% of critical. 
The seismic resistance capacity of the stacker rack in the longitudinal direc-
tion was found to be slightly greater than the minimum design requirement of 
UBC Zone 4 (Table 1). No material yielding or structural damage was observed 
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when the input table motion was increased to 3/4 the El Centro record. This 
test run was conducted when the diagonal rods were loose. When the test was 
carried out using the same input signal of 3/4 EC and the diagonal rods were 
tightened with some pretension, ' noticeable buckling of interior columns between 
the bottom and middle rod supports was observed. (The test was repeated by 
mistake; the original intension was to add the approximately scaled vertical 
acceleration to the test run.) The seismic performance of stacker racks in the 
longitudinal direction could be improved by making the diagonal connections at, 
and with, horizontal framing members. 
Stacker Rack - Transverse. Considerable buckling occurred at the bottom diago-
nal members during the test run using the input signal of 1/2 the Parkfield 
record. In addition, all interior bottom columns buckled near the base plates. 
For the full-l ive-Ioad test case, the period changed from 0.65 sec to 0.68 sec 
before structural damage occurred. The period increased substantially during 
the last test run (0.78 sec) when the structure suffered considerable damage. 
Damping values (about 3%) based on the shaking table free-decay data are higher 
than those for the standard pallet assembly in the transverse direction. 
ANALYTICAL CORRELATION 
One of the primary objectives of the structural performance shaking-table tests 
was to test the adequacy and effectiveness of various analytical procedures and 
assumed mathematical models. The computer program DRAIN-2D~ was used to corre-
late these procedures and models with the test results, as discussed in the fol-
lowing sections for each rack configuration. 
Standard Pallet Rack - Longitudinal. Figure 6 shows the mathematical model 
developed for the standard pallet rack in the longitudinal direction. Because 
the response for the two frames was symmetric, an analytical model for a single 
frame was considered adequate. The minimum section properties, supplied by the 
manufacturer (also shown in Figure 6), and centerline dimensions were used in 
modeling all members. Semirigid beam-column joints and semifixed column bases 
were assumed in evaluating stiffness. The masses of the dead loads plus con-
crete blocks and wooden pallets were lumped at the nodes where the pallets were 
located. The p-o effect was also considered. The bilinear yield mechanism of 
the moment-rotation relationship for the semirigid connection was idealized as 
shown in Figure 7. With reference to the experimentally determined M-8 rela-
tionship from the ~ubassembly tests,2 the parameters Ml, M2' Ke and p were 
assigned and appropriately adjusted in the correlation of calculated and mea-
sured results. The calculated yield moments of beams and columns are 65 kip-in. 
and 34 kip-in. (7.3 and 3.8 kN-m), respectively. The average column compression 
force at yield was estimated to be approximately 22 kips (97.9 kN) in accordance 
with AISI 3.6.1 and a safety factor of 1.92. 
Two cases are presented here. For Case 1, the structure was loaded with the 
full I ive load and subjected to the input signal of 1/4 PF. Mass-proportional 
damping corresponding to about 3% of the first-mode viscous damping was assumed 
for the model. An initial joint rotational spring (Ke) of 1.4 x 10 6 Ib-in./rad 
(158 kN-m/rad) and a moment of inertia of the fictitious floor beam (I~) of 0.2 in.4 
(8.3 cm~) were assumed. There was good correlation (Figure 8). The r~sponse for 
this case was linear, and no material yielding was detected, either from the ana-
lytical or the experimental observations. For Case 2, the model was subjected to 
the input signal of 1/2 EC. This test run was the first instance in which material 
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yielding at the critical column member was observed from the shaking table tests 
(the estimated column rotation at yield, ey = 1.73 x 10- 3 rad). Because the 
data-acquisition system failed at about 12 sec, only response records of 10 sec 
are included in this presentation. Mass-proportional damping corresponding to 
about 4.5% of the first-mode viscous dampin9 was prescribed. The parameter Ke 
was assigned a value of 10 6 lb-in./rad (113 kN-m/rad). Figure 9 shows good 
agreement between the predicted and measured results. It is apparent that a 
Single basic mathematical model can be used to predict both linear and nonlinear 
response of the rack structure by varying only damping and joint rotational 
spring. 
Standard Pallet Rack - Transverse . Figure 10 shows the mathematical model and 
section properties in the transverse direction. Because symmetric response for 
the three upright frames was found during testing, an analytical model for a 
single frame was considered adequate for this rack configuration. In modeling 
this braced-frame system, local deformation at the connections between the braces 
and column members was considered. The total deformation of the bracing members 
was taken to be the deformation due to the bracing member and the localized de-
formation at the connection between the bracing and column members. No experi-
mental data are available on the influence of local deformation. Because of 
thiS, it was assumed that the composite axial bracing member consisted of two 
parts, and its stiffness was reduced as shown in Figure 11. The value of k was 
assumed and appropriately adjusted in the correlation of measured and predicted 
resul ts. 
Three case runs are presented here. The Case 1 model was simulated with 2/3 
live load and subjected to the input signal of 1/4 EC. Mass-proportional damp-
ing corresponding to about 1.5% of the first-mode critical viscous dameing was 
prescribed . The parameters k and If were assumed to be 12 and 0.2 in. (8 . 3 emit), 
respectively. Figure 12 shows the measured and predicted third-floor relative 
story displacements, which correlate well, both in phase and magnitude. For Case 
2, the model was loaded with the full live load, and an input earthquake signal 
of 1/4 PF was applied. All model parameters and member properties used in the 
previous case remained unchanged, with the exception of story mass and input sig-
nal. Figure 13 shows measured and predicted results. The correlation was con-
sidered good except during the latter stage of response, which was essentially 
free-decay response. The predicted amplitudes were slightly higher than those 
observed during the test . These higher results could have been reduced by using 
a higher damping value in the model . The correlation of analytical results 
with measured results for these two cases again indicates that a single basic 
mathematical model can be used to predict seismic responses with different stor-
age weights and input earthquake records . 
As in the shaking-table test results, significant torsional response and mate-
rial yielding were observed for Case 3, which was simulated with full live load 
subjected to 1/2 EC. A rather brittle fracture occurred at the weld connecting 
a corner column to the base plate, and noticeable buckling was observed near the 
base of all except the northeast corner column. Because of the unsymmetric re-
sponse, the theoretical prediction using the two-dimensional model became un-
realistic. In modeling this test case, k was assumed to be 14 rather than 12, 
as was assumed in Cases 1 and 2. The correlation was good during the first few 
significant cycles until the weld fracture occurred and a significant torsional 
response took place (results not shown). 
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Drive-In Rack - Longitudinal. In the longitudinal direction, the drive-in rack 
assembly consists of two upright and two anchor frames, as shown in Figure 2. 
Although the structural systems and stiffnesses for these two types of frames 
are quite different, no torsion was detected from the experimentally obtained 
displacement time-history plots. This negl igible torsional effect makes possi-
ble two-dimensional model ing of this structure. Figure 14 shows the basic 
mathematical model and section properties for this rack assembly. The model 
consists of one upright and one anchor frame connected by three fictitious 
rigid links at the floor levels. Half of the total mass was included in the 
model. The mass at the fourth level was very small and could be neglected. 
Centerline dimensions were used. Semirigid beam-column connections and par-
tially fixed base conditions were assumed in the model. 
Two cases are presented here. For Case " the model was simulated with the 
full I ive load and subjected to an input signal of 1/2 the actual EI Centro 
record. Mass-proportional damping corresponding to about 6% of the first-mode 
viscous damping was assigned to the model. The initial joint rotational spring, 
ke, and the moment of inertia of the fictitious floor beam, If, were prescribed 
to be 0.7 x 10 6 Ib-in./rad (79 kN-m/rad) and 0.2 in.4 (8.3 cm~), respectively. 
Figure 15 shows the comp.uted and measured results. The correlation is seen to 
be good for story displacements. However, the computed and measured column end 
rotations do not correlate as well. Fairly good agreement in magnitude is ob-
tained, but poor correlation in phase is evident. Nevertheless, the analytical 
estimates of local response quantities are considered to be adequate because a 
two-dimensional analytical model was used to simulate the actual three-dimensional 
structural system. For Case 2, all model parameters assigned to the Case 1 model 
remained unchanged except for the input signal, which was 1/2 the actual Parkfield 
record. The correlation between the measured and computed story displacements 
relative to the table shown in Figure 16 is excellent until after 16 sec, when 
the motion of the shaking table stopped and the free-decay vibration started. 
None of the longitudinal shaking-table tests conducted for the drive-in rack 
assembly showed any evidence of material yielding or structural damage. Because 
the amplification of story shear due to the p-6 effect was found to be very sig-
nificant (and for safety purposes), this test series was concluded when the in-
put excitation reached 5/8 the EI Centro record. Consistent with this, the pre-
dicted time-history responses for the above two model cases were considered to 
be linear, and no evidence of material yielding was detected from the analysis. 
Drive-In Rack - Transverse. In the transverse direction, the drive-in rack 
assembly consists of three identical braced-frame systems. In model ing the 
bracing members for the time-history analysis, the approach used successfully 
for the standard pallet rack assembly in the transverse direction was adopted. 
The response predicted theoretically was in good agreement with the experimental 
results for this rack configuration. 2 
Stacker Rack - Longitudinal. In the longitudinal dir~ction, th~ stacke~ rack 
assembly consists of four identical parallel frames With two pairs of diagonal 
rods between the two interior frames (see Figure 3). Although these two pairs 
(upper and lower) of diagonal rods are not vertically aligned, the experimentally 
obtained displacement records show that the response was nearly symmetric, and 
no torsion was observed. This negligible asymmetry makes possible a two-
dimensional analytical study. 
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Figure 17 shows the basic mathematical model and the section properties for 
this rack assembly. In this model, the four resisting frames were represented 
as a single frame, and the diagonal rods were assumed to be connected directly 
to the column members. In modeling, the I-in. (25.4-mm) diagonal rods were 
treated as composites consisting of three parts: solid section, threaded por-
tion, and rod support. Because of the local deformation at the rod support in 
addition to the deformation due to the rod member, the stiffness of the compos-
ite members was reduced, and the parameter k was again applied to this model. 
During seismic excitation, these diagonal rods behave nonlinearly because of 
their very low compression capacity and because of the deformation of the rod 
supports. Figure 18 generally illustrates the nonlinear response behavior of 
the rods. This bilinear yield mechanism is intended to model tensile yielding 
and compressional buckl ing. Fictitious floor beams were again introduced to 
account for the column fixity, and the entire story mass was lumped equally at 
the nodal points connecting the columns and the fictitious truss elements. The 
mass at the sixth (top) story was so small as to be considered negligible. 
Only two cases were studied. These were believed to be the only cases in which 
no diagonal rod was loose during the shaking-table tests. In addition, a cer-
tain amount of pretension was applied (by tightening the bolts at the ends of 
rods) before testing. For Case 1, the model was simulated with the full live 
load and subjected to an input signal of 1/4 the El Centro record. Mass-
proportional damping corresponding to about 3.6% of the first-mode viscous damp-
ing was prescribed. The parameters k and If were assumed to be 7 and 0.2 in.4 
(8.3 cm4), respectively. The computed and measured story displacements are pre-
sented in Figure 19. The model successfully predicted the two major stages of 
response as indicated. The latter stage of response (after about 15 sec) was 
not included in the analytical prediction because the response was insignificant. 
For Case 2, all model parameters assigned to the Case 1 model remained unchanged 
with the exception of the input signal, which was 1/4 the Parkfield record. A 
comparison of the computed and measured results, as shown in Figure 20, shows 
excellent agreement. 
Stacker Rack - Transverse. In the transverse direction, the stacker rack assem-
bly consists of ten upright frames, which, in turn, form five double upright 
frames parallel to the direction of shaking-table motion. Examination of the 
local response measurements of the column axial strains near the base plates 
showed that each upright frame responded independently. Because of this, an 
analytical model for a single upright frame was considered for this rack con-
figuration. Since this configuration is essentially the same as that of the 
standard pallet rack in the transverse direction, the same modeling technique. 
can be appl ied. The response predicted theoretically was in good agreement with 
the experimental results for this rack assembly.2 
CONCLUSIONS 
In general, the racks performed well during the shaking-table tests, with the 
exception of the drive-in and stacker racks in the transverse direction. Con-
siderable buckling was observed in first-story diagonal members of these two 
rack configurations when the racks were excited at very low intensity levels 
(1/4 PF and 1/2 PF, respectively). As in the case of building structures, the 
ductility and energy-dissipation capacity of the racks are much greater in the 
longitudinal (moment-resisting-frame) direction than in the transverse (braced-
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frame) direction. The racks can undergo sizable amounts of inelastic deforma-
tion in the longitudinal direction without suffering major damage but can only 
undergo minor amounts of inelastic deformation in the transverse direction. 
The response predicted theoretically was in good agreement with the experimen-
tal results. 
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moment of inertia of fictitious floor beam 
parameter used to account for local ized deformation at brace-column 
connection (see Figure 11) 
initial rotational spring of semirigid connection 
parameters used to idealize bilinear yield mechanism of beam-column 
connection (see Figure 7b) 
theoretically determined average tension and compression forces, 
respectively, at yield 
column end rotation at yield 
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TABLE 1 
SUMMARY OF SE ISMIC PERFORt-lANCE OF RACK STRUCTURES* 
UBC Demand versus Rack Capacityt Behavior During Shaking-Table Tests 
Rack Direction Stress Ratio 
Critical Input Mode of 
Element L L+!L Signal Damage Pa P Ma a 
Standard longi- 1st floor 
-- 1.32 1-1/3 EC Minor local distress at 
Pallet tudina1 center column plus top of both 1st-floor 
vertical columns near connectors 
10 trans- column near 
--
1.32 5/8 EC Noticeable buckling of 
verse bas'e plates p1 us all columns near bases. 
verti ca 1 Welds of a column base 
broke. 
Drive- 10ngi- 1st floor 
--
1. 37 5/8 EC No visible damage 
In tudina1 center column plus 
- anchor frame vertical 
10 trans- bottom diagonal 1.20 
--
1/4 PF All bottom diagonal 
verse braces - upright braces of the upright 
frame frames buckled. 
Stacker 10ngi - fi rs t i nteri or 
-- 0.83 3/4 EC Buckling of interior tudina1 columns near columns between the 
bases bottom and middle 
rod supports 
10 trans- bottom dia- 1.26 
--
112' PF All interior bottom 
verse gona1 braces diagonals buckled. 
All interior bottom 
columns buckled 
near the base plates. 
*The full live load was used in all cases except that of the drive-in rack in the 
transverse direction. in which 2/3 live load was used. 
tThe one-thi~d increase permitted for allowable stresses resulting from earthquake 
forces was lnc1uded. The periods of vibration were determined from the best-fit 
mathematical model developed for each rack configuration (see Reference 2). 
SEISMIC RESPONSE OF STORAGE RACKS 
Column 
x 3" x 0.09" 
( typical) 
Base Plate 
4-1/4" x 3" x 1/4" 
x 0.075" 
Note: 1 in. = 25 .4 mm 
FIGURE 1 STANDARD PALLET RACK AND JOINT DETAILS 
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= 25.4 ITI11 




















O. 4. 8. 12. 16 . 20. 2~. 28. 32. 36. 40 . 
Time (sec) 
FIGURE 4 TABLE DISPLACEMENT AND ACCELERATION - 1/2 EC 





O. 2. 4. 6. B. 10. 12. 14. 16. lB. 20. 
Time (sec) 





FIFTH SPECIALTY CONFERENCE 
60" 
Column (net): 
A = 0.69 in. 2 
I· 1.15 in. 4 
S = 0.76 in . 3 
Beam: 
A • 1.29 in.2 
I = 3.27 in.4 
s ., 1. 50 in. 3 
Beam-Column Element 
60" 0-0 Semirigid Connection 
Element 
Beam-Column Element (Fictitious) 
/J ~ -- --- -7iJfr--- ----,,~ -------w-------; Note: 
-I-in. = 25.4 mm 
1 in. 2 = 6.5 cm2 
1 in. 3 = 16.4 cm3 













99" 99" ~I 
FIGURE 6 MATHEMATICAL f()DEL - STANDARD PALLET RACK, LONGITUDINAL DIRECTION 





0.02 0.04 0.06 0.08 
Rotation, e (rad) 
a. Experimentally Obtained M-e Curves 
0.10 
M 
i ti { 0--<>' pos it i ve ~ t val ues 
HI = 12 kip-in. 
__________ ~~----------e 
M2 = 20 kip-in. 
Note: 1 kip-in .• 
-- 0.113 kN-m 
b. Idealized M-e Curves 
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3rd Level Note: 1 in. 25.4 rrm 
-3.0 
O. 2. 4. 6. 
__ Measured 
8. 10. 12. 
Time (sec) 
14. 16. 18. 20. 
_____ Computed 
FIGURE 8 f1EASURED AND COMPUTED RESULTS - STANDARD PALLET RACK, LONGITUDINAL 

















3rd Level Note: in. = 25.4 rrrn 
-6.01v-----~--~--__ ~ __ ~ ________ ~ ____ ~ __ ~ ____ ~ __ ~ 














Center Bottom Column Near Top End 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 B.OO 9.0010.00 
___ Measured Time (sec) ____ Computed 
FIGURE 9 MEASURED AND COMPUTED RESULTS - STANDARD PALLET RACK, LONGITUDINAL 

























--- Truss Element 
----- Truss Element 
(Fictitious) 
-Beam-Column Elenlent 
- - Beam- Co 1 umn Element 
(Fictitious) 
• Lumped Mass 
Column (net) : 
A = 0.69 in. 2 
I = 0.88 in.4 
S = 0.59 in. 3 
Brace: 
A = 0.32 in. 2 
y = 0.41 in. 2 
Note: 
-I-in. = 25.4 JIIIl 
1 in. 2 = 6.5 cm2 
1 in. 3 = 16.4 cm 3 
1 in.4 41.6 cm4 
FIGURE 10 MATHEMATICAL MODEL - STANDARD PALLET RACK, TRANSVERSE DIRECTION 
p+ = 14 .4 kips y 
p 
~ EA) 1 0.05 (T red 
--------------~--------------~6 
_____ ---- p; .. 4.6 kips 
Note: 1 kip = 4.45 kN 
FIGURE 11 YIELD MECHANISM - STANDARD PALl:EiRACK. TAAHS~RSEDIRECtION 
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3rd Level Note: 1 in. = 25.4 mm 
-l.BO-----~--~--__ ~ __ ~ ____ ~ ________ ~ __ ~ ____ ~ __ ~ 
o. 2. 4. 6 . 
__ Measured 
8. 10. 12. 
Time (sec) 
14. 16. 18. 20. 
____ Computed 
FIGURE 12 MEASURED AND COMPUTED RESULTS - STANDARD PALLET RACK, TRANSVERSE 












3rd Level Note: 1 in. = 25.4 mm 
-2.4OL----~--~---~----~--~----~----~--~----~--~ 








.... o . 
-0.10 
~ 
It! , I, I I 
.:1 -0. , , 
, 
" \' 
'.I I " 
I, :i ~I I' IJ 
I, !; ~J' '. ,
Bottom Diagonal 
-0.30IL_~_":"""---,-----,,--'---~-----~-~---' 
o. 2. 4. 6. 8. 10. 12. 14. 16. lB. 20. 
___ Measured Time (sec) ____ Computed 
FIGURE 13 MEASURED AND COMPUTED RESULTS - STANDARD PALLET RACK, TRANSVERSE 
DIRECTION, CASE 2 
446 FIFTH SPECIALTY CONFERENCE 
Anchor Fra me 
~- -~-
I--- 50 "--I~*I-· - 50"-1 
-- Beam-Column Element 
6" 











-~- -7Hr- 1 
t-- 50" ---I~*I·---- 50"---1 
-----Truss Element (Fictitious ) 
~ Semirigid Connection Element ~ Rigid Spring 
• Lumped Mass ---Beam-Column Element 
Column - Anchor (net): 
A = 0. 75 in. 2 
1 =2 .21in4 
5 =1.10in. 3 
Column - Upright (net): 
A = 1. 32 in . 2 
1 = 3.78 in.4 
5 = 1. 89 in. 3 
(Fictitious ) 
Beam - Anchor: 
A = 1. 09 in. 2 
1 = 1. 18 in . 4 
5 = 0.94 in . 3 
Beam - Upright : 
A = 0.46 in. 2 
1 = 0. 33 in.4 
5 = 0.27 in. 3 
Note: 
-I-in . = 25 .4 mm 
1 in.2 = 6.5 cm 2 
1 in. 3 = 16.4 cm 3 
1 in . 4 = 41.6 cm4 
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4th Level Note: 1 in. 25.4 mm 
-7.5~--~----~--~--~----~--~--~----~--~--~ 
6. B. 10. 12. 14. 16. lB. 20. 











Center Bottom Column Near Top End -- Anchor 
O. 2. 4. 6. 
___ Measured 
B. 10. 12. 
Time (sec) 
14. 16. 1B. 20. 
____ Computed 
FIGURE 15 MEASURED AND COMPUTED RESULTS - DRIVE-IN RACK, LONGITUDINAL 






4th Level Note: 1 in. 25 .4 mm 
-7.& 
O. 2. 4. 6. 
__ Measured 
B. 10. 12. 
Time (sec) 
14. 16. 1B. 20. 
____ Computed 
FIGURE 16 MEASURED AND COMPUTED RESULTS - DRIVE-IN RACK, LONGITUDINAL 



























































































A = 0.69 in. 2 
I = 1.14 in." 
S = 0.76 in. 3 
Beam: 
A = 0.54 in. 2 
I = 0.67 in." 
Diagonal: 










(Di agona 1 Rod) 
-I-in. = 25.4 mm 
-;wr 
1---48"'-~-
1 in. 2 6.5 cm 2 
1 in.3 16.4 cm 3 
1 in." 41. 6 cm" 
FIGURE 17 MATHEMATICAL MODEL - STACKER RACK, LONGITUDINAL DIRECTION 
p+ 28 kips y 
p 
Note: 1 kip = 4.45 kN 




SEISMIC RESPONSE OF STORAGE RACKS 449 








5th Level Note : 1 in = 2.54 mm 
-2.1v---~~--~----~--~----~--------~--------~--~ 
O. 2. 4. 6. 
__ Measured 
8. 10 . 12. 
Time (sec) 
14. 16 . 18. 20. 
____ Computed 
FIGURE 19 MEASURED AND COMPUTED RESULTS - STACKER RACK, LONGITUDINAL 
DIRECTION, CASE 1 






<l> O. E 
<l> 
u 




5th Level Note : 1 in. = 25 .4 mrn 
-2.4 
0.39 2. 4. 6. 











'" .~ x 
c:( 
-0.26 
Bottom Diagonal Rod 
-0.39 
o. 2. 4. S. B. 10. 12. 14. 16. 1B. 20 . 
____ Measured Time (sec) ____ Computed 
FIGURE 20 MEASURED AND COMPUTED RESULTS - STACKER RACK. LONGITUDINAL 
DIRECTION. CASE 2 

